Abstract
Introduction expansion (Fig. 2D) . As the hydrogel network contained within the cell wall is unable to expand 147 with the surrounding network, an extracellular cavity with low-density networks is created that 148 lowers the effective chemical potential and drives the DNA to spread into this cavity (Fig. 2E) . 149 We estimate the minimum chemical potential difference required for the spontaneous 150 translocation of E. coli DNA to be ~0.5 k B T (Materials and Methods), which is comparable to 151 the thermal energy. This calculation indicates that the DNA translocation is a sensitive measure 152 of cell-wall damage, as the DNA chain should always escape the confinement of the cell wall as 153 long as the pore size grows to ~100 nm (the Kuhn length of DNA). The size of these pores would 154 be below the diffraction limit, and thus invisible using conventional optical approaches. To demonstrate the utility of expansion as an imaging contrast, we focused on two applications: 158 (1) in vivo imaging to resolve bacterial species in an animal gut, particularly when strain-specific 159 fluorescent tags may not be available or are limited by host tissue autofluorescence (Fig. 3) , and 160 (2) detection of cell wall disruption in situ when pathogenic bacteria are under attack from host 161 defense mechanisms (Fig. 4) . In both cases, traditional spectral contrast in fluorescence 162 microscopy would be insufficient, and µExM reveals new biological insights. First, we colonized the gut of a model organism, the planarian flatworm Schmidtea mediterranea 165 [28], with E. coli and L. plantarum, both expressing mCherry (S2 Fig.) . Use of mCherry was 166 prudent as planarian tissues have strong autofluorescence below 560 nm, limiting the utility of 167 other fluorescent proteins such as GFP or YFP that spectrally overlap with the autofluorescence. 168 The bacteria were introduced by feeding the planarian with a calf liver-bacteria mixture, after which colonization was allowed to stabilize for 3 days (Fig. 3A) . The planarians were then fixed 170 and imaged using the µExM protocol optimized for the planarian tissues (S3 Fig.) . 171 172 Before expansion, bacterial cells in the planarian gut were barely resolvable (Fig. 3B,C) .
173
Expansion clearly revealed the borders of individual cells, as distances between cells increased 174 ( Fig. 3D and S3 Fig.) and the optical clearing of planarian tissues improved the signal-to-noise 175 ratio (S3 Fig.) . Moreover, the two species became distinguishable after lysozyme treatment and 176 expansion (Fig. 3E) ; individual cell widths split into two populations corresponding to E. coli fold expanded) and L. plantarum (approximately unexpanded) (Fig. 3F, left) . Single-species in 178 vivo controls verified that there is little to no overlap between the two populations ( Fig. 3F,   179 right), with expansion ratios consistent with the in vitro measurements (Fig. 1B) . We quantified 180 the relative abundance of the two species early during colonization, which correlated well with 181 that of the initial mixtures fed to the planarians (Fig. 3G) 193 194 We used µExM to image GFP-Salmonella cells engulfed by RAW264.7 macrophages, staining DNA with DAPI. We observed two types of heterogeneity. First, expansion of 196 individual Salmonella cells exhibited two distinct states (Fig. 4A,B (Fig. 4D) containing 40 µg mL -1 mutanolysin (Sigma-Aldrich), unless otherwise specified. We evaluated the free energy difference ΔF(m) ≡ F(m) -F(1) (Fig. 2E) 
